Changes in molecular mobility of water in pasta filata and non-pasta filata Mozzarella cheeses were investigated during the first 10 d of storage using nuclear magnetic resonance (NMR) relaxation techniques. Water in pasta filata Mozzarella was classified into two fractions by spin-spin relaxation times, T 21 and T 22 , and corresponding proton intensities, A 1 and A 2 , representing low and high molecular mobility, respectively. Increase in A 1 (and decrease in A 2 ) suggested that, there was a redistribution of water from more-to less-mobile fraction (from T 22 to T 21 fraction) during the first 10 d of storage. The NMR data did not indicate the twostate behavior of water molecules in non-pasta filata Mozzarella. However, the T 2 values of non-pasta filata Mozzarella were comparable to the T 21 values of pasta filata Mozzarella indicating that the molecular mobility of water in non-pasta filata Mozzarella is comparable to that of the less mobile water fraction in pasta filata Mozzarella. Generally, T 2 and T 1 values of pasta filata and non-pasta filata Mozzarella cheeses increased during the 10-d storage. This is believed to be due to structural changes in the protein matrix. (Key words: Mozzarella cheese, moisture, water mobility, NMR) Abbreviation key: CPMG = Carr-Purcell-MeiboomGill, ES = expressible serum, LMPS = low moisture, part skim, NMR = nuclear magnetic resonance, PW = pulse width, RD = repetition delay, SEM = scanning electron microscopy.
INTRODUCTION
Young Mozzarella cheese made by the pasta filata process is usually aged several days to attain optimum functional characteristics (Kindstedt, 1993 (Kindstedt, , 1995 1 Wisconsin Center for Dairy Research, 1605 Linden Dr., University of Wisconsin-Madison, Madison, WI 53706. McMahon et al., 1993) . The proteolytic hydrolysis of intact caseins by the coagulant is one of the driving forces for changes in functional characteristics during aging (Oberg et al., 1992; Yun et al., 1993a Yun et al., , 1993b . In addition to proteolysis, the increase of water-holding capacity due to changes in casein structure concomitantly in Mozzarella cheese during storage may improve its functional behavior (Kindstedt, 1995; McMahon et al., 1999; Hardy, 2000) .
The distribution of water in Mozzarella cheese differs from most other cheeses due to microstructural differences that result from the stretching process. Microscopic studies have shown that stretching step during Mozzarella cheese making creates a network of parallel-oriented protein fibers McMahon et al., 1993) . Large open channels or columns between protein fibers are occupied by water and fat droplets. Accumulation of free water in large columns of void may contribute to poor water-holding characteristics of Mozzarella cheese. During the first few days after manufacturing, blocks of Mozzarella cheese exude moisture. This moisture loss is very noticeable at freshly cut surfaces (Guo and Kindstedt, 1995) . During maturation, free moisture is believed to become bound within the cheese structure, thus increasing the waterholding capacity. By closely monitoring the water phase in Mozzarella cheese, i.e., redistribution of water in cheese during storage, we may be able to develop methods to optimize desirable end-use properties of the cheese.
The physical state of water is of interest to food scientists because of its importance in storage stability, textural, and functional properties of foods. Water molecules in biological materials can be classified into several fractions according to their molecular mobility or the extent of their association with or "binding" to macromolecules within the material (Fullerton, 1988) . The spectroscopic technique of pulsed nuclear magnetic resonance (NMR) is a promising technique for investigating the behavior of water in foods (Brosio et al., 1983 (Brosio et al., , 1984 Callaghan et al., 1983a Callaghan et al., , 1983b Chen et al., 1997; Lambelet et al., 1995; Leung et al., 1976 Leung et al., , 1983 Leung and Steinberg, 1979; Ruan et al., 1997; Schmidt, 1990) . It provides a rapid, sensitive, noninvasive deter-mination of not only the quantity of water present, but also the structure and dynamic characteristic of water in foods.
The NMR parameters, T 1 , the spin-lattice or longitudinal relaxation time constant, and T 2 , the spin-spin or transverse relaxation time constant of protons, measure the relative molecular mobility of water in the system compared with free water. The spin-spin relaxation process is affected by the chemical exchange process taking place between different sites of different mobilities. For example, protons of more mobile water molecules exchange with protons of less mobile water molecules. When water is bound tightly to macromolecules (e.g., protein matrix), it is highly immobilized and shows reduced T 2 , whereas free water is readily mobile and has relatively long T 2 . The spin-lattice relaxation process is slightly different, although in normal situations, a longer T 1 also means greater mobility (Ruan and Chen, 2000) . Thus, useful information on the strength or degree of water binding can be obtained.
The differences in relaxation times between free and bound water has been exploited in NMR studies to measure the relative amounts of water in these states, and their mobility in different products. The reported studies are based on the analysis of longitudinal and(or) transverse magnetization decay curves of water, by assuming an exchange process between bound and free water (Brosio et al., 1983 (Brosio et al., , 1984 Lelievre and Creamer, 1978) . Lelievre and Creamer (1978) used low-resolution-NMR (20 MHz) T 1 and T 2 relaxation times to study the formation and syneresis of renneted milk gels. Simple exponential decay of the nuclear magnetization was observed, except for gels that had undergone some syneresis. Two relaxation times were observed in milk gels-one associated with protons in the gel and the other due to protons in the liquid expelled from the gel phase. The results indicate that only a small amount of water is closely associated with casein micelles and that the quantity and relaxation properties of this water do not change markedly with gelation or syneresis. Brosio et al. (1983 Brosio et al. ( , 1984 ) studied the hydration mechanism of powdered milk and milk proteins using lowresolution-NMR T 2 relaxation time. The nonexponentiality of the spin-echo decay curves of water in different samples, obtained by adding progressive amounts of water to sample, was exploited to determine the water mobility and relative amount of bound and free water.
The state of water associated with whey protein was investigated by Pauda et al. (1991) using pulsed-NMR T 1 relaxation time. They used two-and three-state models to characterize water associated with whey proteins. Tellier et al. (1993) of water inside the curd and in the whey was obtained at any stage of syneresis in this study. The authors interpreted the transverse relaxation data in terms of microscopic structure of the curd. Recently, and Ruan et al. (1997) proposed a mobilityshifting concept based on the relationship between changes in water mobility and firming of bread. Their results showed that changes in T 2 s and corresponding intensities of protons are more complicated, suggesting a dynamic structural transformation of macromolecules and microscopic migration of moisture in the staling bread.
The concept of molecular mobility or degree of "boundness" of water in cheese has not been explored. Such a study should help to elucidate the influence of some important factors such as cheese type and storage time on functional properties of cheese. The objectives of this research were to study the change in water mobility in Mozzarella cheese during early stages of maturation using NMR relaxation techniques, and to compare the changes in mobility of water in pasta filata and non-pasta filata Mozzarella cheeses.
MATERIALS AND METHODS

Cheesemaking
Low moisture, part-skim (LMPS) pasta filata Mozzarella and non-pasta filata Mozzarella (Chen and Johnson, 1999 ) that has characteristics similar to the traditional LMPS Mozzarella cheese were used. The cheeses were manufactured in the Wisconsin Center for Dairy Research pilot plant at University of WisconsinMadison.
Manufacturing pasta filata Mozzarella cheese. Milk, standardized to 2.5% milk fat and pasteurized at 72.2°C for 17 s, was held at 34.4°C. It was inoculated by adding the starter culture, one-to-one ratio of Streptococcus thermophilus C 90 to Lactobacillus bugaricus R 160 (Rhodia, Madison, WI). When the milk pH decreased by 0.1, 20 ml of chymosin (Chymostar, Rhodia, Madison, WI) was added. After 30 min, the curd was cut with 0.95-cm knives and allowed to heal for 15 min. The curd and whey were then stirred at 41.1°C for 30 min, and the whey was drained. After the whey was removed, the curd was ditched and cut into slabs. The slabs were turned and piled double immediately and held until pH dropped to 5.2 to 5.3. The curd was then milled and dry-salted. The salted curds were cooked and stretched in hot water at 76.7°C and then formed into 2.2-kg loaves. The loaves were immersed in cold water for 1 h, then in 23% brine for 90 min, and stored in vacuum-sealed barrier bags (VF-400, Vilutis & Co. Inc., Frankfort, IL) at 6 to 8°C.
Manufacturing of non-pasta filata Mozzarella cheese. Milk, standardized to 2.5% milk fat and pasteurized, was preacidified with acetic acid to pH 6.3. The cheese milk was heated to 34.4°C and inoculated with a mesophilic starter culture (DVS 970, Chris Hansen, Inc., Milwaukee, WI), which has a slower rate of acid production than the mixed culture used for manufacturing pasta filata Mozzarella. It was ripened for 1 h until pH dropped by at least 0.5 then 8 ml of chymosin (Chymostar, Rhodia, Madison, WI) was added. The curd was cut with 0.95-cm knives 20 min after coagulant addition. Curds were healed for 10 min and then stirred at 36.7°C for 20 min. After the whey was removed, the curd was rinsed with 12.8°C water for 20 min. The water was then drained. The curd was salted, ladled into sanitized hoops, and pressed for 4 h. The cheese was stored in vacuum-sealed barrier bags (VF-400, Vilutis & Co. Inc., Frankfort, IL) at 6 to 8°C.
Centrifugation Tests
Single batch was analyzed for each type of cheese. Mozzarella cheese blocks were each cut into cubes (2 × 2 × 2 cm), and mixed well to provide a representative sample. The cubes were divided into five equal subsamples one day after manufacture. Each subsample was vacuum-packaged and stored at 4°C until analysis on 2, 4, 6, 8, and 10 d after manufacture. On each analysis day, randomly chosen Mozzarella cheese cubes were grated, and 15 g of grated cheese was centrifuged at 19,500 × g (12,500 rpm in JA-20 rotor in Beckman J2-21 high speed centrifuge, Palo Alto, CA) for 60 min at 25°C. The fat was removed using a micropipette, and the expressed serum was decanted into a small nalgene tube. The mass of expressible serum (ES) was measured and computed as a percentage of sample mass.
NMR Measurements
A 30 × 10 × 8 cm cheese block was cut into four 15 × 5 × 8 cm blocks 1 d after manufacture. The blocks were vacuum-packaged, and stored at 4°C until analysis on 2, 4, 6, 8, and 10 d after manufacture. Cylindrical cheese specimens, 2 mm diameter and 20 mm high, were cut out with a cork borer from the sampling section ( Figure  1A ) and placed in 5-mm diameter NMR tubes. The NMR measurements were conducted in duplicate at 5°C. The NMR measurements were carried out in a DMX-400 Pulsed NMR Spectrometer (Brucker, Billerica, MA), located in NMRFAM (National Magnetic Resonance Facility at Madison) at the University of Wisconsin-Madison. Single batch was analyzed for each type of cheese.
Spin-lattice relaxation time (T 1 ) measurement. The classical inversion-recovery method using 180°-τ- 90°pulse sequence was performed to determine T 1 (Ernst et al., 1991) . The repetition delay (RD) was chosen to be at least five times T 1 . Maximum amplitude values (A) from the longitudinal relaxation curves were recorded at 16 variable delay times (τ) ranging from 100 µs to 3 s. The 90°pulse width (PW) was 14.0 µs. Eight scans were acquired for each measurement. T 1 was calculated according to the following equation to fit the τ vs. A data:
where, A 0 is a constant. Spin-spin relaxation time (T 2 ) measurement. Carr-Purcel-Meiboom-Gill (CPMG) sequences (Carr and Purcell, 1954; Meiboom and Gill, 1958) were employed to measure T 2 . The PW, RD, the variable delay between pulse and acquisition, and the dwell time between data were 14.0 µs, 4 s, 4.5 µs, and 62.5 µs, respectively. Eight scans were acquired for each measurement.
Compositional Analysis
All compositional analyses were conducted in triplicate. Total moisture in cheese was determined by a vacuum oven technique (Case, 1985) and fat by the Babcock test (Case, 1985) . Protein concentration was determined by the Kjeldahl method (Case, 1985) . The NaCl concentration in the cheese was performed according to the procedure of Johnson and Olson (1985) using the chloride analyzer (Model 926, Corning Glass Works, Medfield, MA). The pH was measured by the gold electrode/quinhydrone method (Case, 1985) . Samples for compositional analysis were taken when the cheeses were 1 mo old. The pH measurements at 2, 4, 6, 8, and 10 d after manufacture were performed using samples taken as shown in Figure 1B . The 15-× 5-× 8-cm block cheeses were prepared (same as for the NMR 
RESULTS AND DISCUSSION
The chemical composition and pH of pasta filata and non-pasta filata Mozzarella are compared in Table 1 . As can be observed, the composition of both cheeses is similar. The pH of non-pasta filata Mozzarella was higher than that of pasta filata Mozzarella (Table 2) . However, the pH of both cheeses increased significantly (P < 0.05) during the 10-d aging. Guo et al. (1997) reported similar increase in pH for both brine-salted and unsalted Mozzarella cheese during 10-d storage, but there was no significant difference in pH between the two cheeses.
Expressible Serum
The quantities of ES that were obtained from pasta filata and non-pasta filata Mozzarella during the first 10 d of storage are compared in Figure 2 . The mean level of ES from pasta filata Mozzarella decreased from around 10% on d 2 after manufacture to 0% by d 8. In contrast, ES of non-pasta filata Mozzarella declined steeply with storage and no ES was obtained on d 6, indicating a dramatic increase in water-holding capacity of cheese. At equal aging, ES from non-pasta filata Mozzarella was lower than from pasta filata Mozzarella. Thus, the water-holding capacity of non-pasta filata Mozzarella is higher and shows a larger increase Figure 2. Change in the quantity of expressible serum (ES); weight of expressed serum divided by the total weight of the cheese sample) obtained from pasta filata Mozzarella (ᮀ) and non-pasta filata Mozzarella (᭺) during storage at 4°C. The bars at each data point represent the standard error.
during first 10 d of storage at 4°C aging than that of the pasta filata Mozzarella.
Spin-Lattice Relaxation Measurements
The variation of T 1 with storage time for pasta filata Mozzarella is presented in Figure 3 . T 1 increased significantly (P < 0.05) from d 2 to 6 and stayed almost constant from d 6 to 10, indicating an increase in water mobility during the first 6 d. Figure 4 shows that the T 1 values for non-pasta filata Mozzarella are almost constant (P < 0.05), T 1 = 565 ms. T 1 values of pasta filata Mozzarella (∼720 ms) and non-pasta filata Mozzarella (∼565 ms) are shorter than 2 s for bulk water. At equal aging, the T 1 value was lower for non-pasta filata Moz- zarella than for pasta filata Mozzarella. This implies that the water in pasta filata Mozzarella is more rotationally mobile than the water in non-pasta filata Mozzarella at the same age.
Spin-Spin Relaxation Measurements
Pasta filata Mozzarella. A semi-logarithmic plot of spin-spin relaxation data is presented in Figure 5 . This plot indicates that the spin-spin relaxation behavior of water in pasta filata Mozzarella does not follow a simple exponential decay. This means that more than one state of water has been excited and the exchange between different states is slow compared to their relaxation times (Leung et al., 1976) . Accordingly, the following two-component model was used Ruan et al., 1997) :
where A represents the proton intensity that is proportional to amount of water in the sample. The component with shorter relaxation time constant, T 21 , corresponds to the protons in less mobile fraction of water in the sample and A 1 is the proton intensity of T 21 state. The component with longer relaxation time constant, T 22 , corresponds to a more mobile fraction of water in the sample and A 2 is the proton intensity of T 22 state. In heterogeneous systems such as foods, water molecules may exist in an infinite number of states, but there are several dominant states as governed by the physical and chemical structure of the system (Ruan and Chen, 1998) . Accordingly, T 2 of pasta filata Mozzarella was represented by two fractions, T 21 and T 22 , per equation [2] . These fractions correspond to two dominant states of water molecules in pasta filata Mozzarella. However, the T 21 and T 22 values we reported should be considered as average for the water segmented to be in each of the fractions. Because, in each fraction there can be molecules that are bound to varying extents. Figure 6 shows the dependence of T 21 and T 22 on storage time in pasta filata Mozzarella. The existence of these time constants indicates two fractions of water that have different relaxation rates or degrees of mobility in pasta filata Mozzarella. During aging, T 21 increased until d 8, after which it remained relatively constant, indicating water molecules in this T 2 range became more mobile during the first 8 d of storage ( Figure 6A ). The T 21 is short (7 to 11 ms) and probably most of the water molecules in this range of T 2 are to a certain degree associated with the cheese protein matrix. A similar trend was found for T 22 ( Figure 6B The T 22 values observed in this study ranged from 20 to 80 ms. These values are indicative of water that is less mobile than pure water but is not held as tightly in the protein matrix. This implies that even the loosely held water in the matrix is relatively immobile when compared to free water. Water in cheese is either free or bound to protein, since fat, the other major constituent, is hydrophobic (Prentice, 1972) . The increase of T 21 and T 22 indicates that the water molecules, on an average, became more mobile during early stages of maturation.
The protein intensities of pasta filata Mozzarella as a function of aging are shown in Figure 7 . The proton intensities A 1 and A 2 are relative measures of the amount of water corresponding to T 21 (less mobile fraction) and T 22 (more mobile fraction) state, respectively. Figure 7A shows that water in T 21 state increased significantly (P < 0.05) over storage time, while water in T 22 state decreased during storage ( Figure 7B ). The increase in the proton intensity at T 21 state, despite the slight decrease in overall moisture content (data not shown), is one of the important results observed in this study. A decrease of water in T 22 state results in an increase of water in T 21 state, indicating a shift of water molecules from mobile to less mobile fraction.
Non-pasta filata Mozzarella. Figure 5 shows typical spin-spin relaxation curve (semi-log plot) obtained with CPMG pulse sequence for non-pasta filata Mozzarella. The linear relationship indicates a simple exponential decay. Thus, the two-state behavior of water molecules was not obvious for non-pasta filata Mozzarella. The possibility of detecting multi-exponential relaxation decay depends on the system being investigated. The instrument accuracy may not allow the observation of multi-state relaxation, if the exchange rate between states is fast compared with the relaxation rate, or if one state is present as a small portion, or if one of the relaxation times is very short, or if both relaxation times are similar (Leung et al., 1976) . Figure 8 shows the variation of T 2 with storage time. T 2 generally increased with increasing age, suggesting the water molecules became more mobile. T 2 of nonpasta filata Mozzarella is short (9 to 14 ms) and has the similar range as T 21 (7 to 11 ms) in pasta filata Mozzarella. Thus, in the early stage of maturation, majority of the water molecules in non-pasta filata Mozzarella are in less mobile state, indicating the water-holding capacity of non-pasta filata Mozzarella is higher than that of pasta filata Mozzarella. The same observa- tion was made based on results of the centrifugation test (Figure 2) .
Discussion
During the hot water stretching step in pasta filata Mozzarella manufacture, the proteins form into fibers that are oriented in a roughly parallel manner (McMahon et al., 1999; Oberg et al., 1993) . Consequently, fat and water accumulate between the long strands of protein. During non-pasta filata Mozzarella cheese manufacture, high temperatures are not used and the fat globules and water remain small and well dispersed within the cheese matrix. Kalab (1977) and Paquet and Kalab (1998) observed distinct curd granule junctions in stirred-curd Mozzarella cheese using scanning electron microscopy (SEM). Yiu (1985) confirmed the presence of curd granule junctions in stirred-curd Mozzarella cheese using fluorescence microscopy. Thus, no orientation was evident in the stirred-curd cheese. Because water is dispersed and imparted within the protein matrix, the water-holding capacity of non-pasta filata Mozzarella is higher than that of pasta filata Mozzarella. This is evident by the shorter T 1 and T 2 values of non-pasta filata Mozzarella compared with those for pasta filata Mozzarella.
Based on the results of centrifugation and NMR measurements, most of the expressible water-the water in T 22 state-in fresh pasta filata Mozzarella appears to become adsorbed into the protein matrix during the first 10 d of storage. This leads to an increse in the water represented by T 21 fraction. Osmosis (the passage of solvent through the membrane) due to the inequality of the chemical potential on the two sides of the membrane is thought to be the driving force causing the transfer of water into the protein matrix. The chemical potential of water in the fat-serum channels is higher than that entrapped in the protein matrix. During early stages of maturation of pasta filata Mozzarella, water in these channels migrates (adsorbed) into and becomes an integral part of the protein matrix. Changes of Mozzarella cheese microstructure during storage was reported by McMahon et al. (1999) using SEM. They found that the fat-serum channels became smaller with the protein matrix expanding into the areas between the fat globules during Mozzarella cheese 21-d storage, indicating that the protein matrix absorbs water originally located in the fat-serum channels (McMahon et al., 1999) . Our NMR data support this hypothesis.
The increase in both T 1 and T 2 of pasta filata and T 2 of non-pasta filata Mozzarella during the early stages of aging is another important observation made in this study. The increases in relaxation time constants suggest that the proteins are not in a quiescent state imme-diately after stretching and molding but undergo further structural rearrangement (McMahon et al., 1999) . The difference in magnitude of T 1 (∼600 ms) and T 2 (∼30 ms) values might be attributed to the additional relaxation mechanisms that affect T 2 . In the absence of any other relaxation mechanism, T 2 must equal T 1 , as is observed for liquid water (Derome, 1987) . However, as additional mechanisms (i.e., exchange of nuclei between different environments) begin to affect the T 2 relaxation process, inequality of T 1 and T 2 is often observed, with T 2 < T 1 (Leung et al., 1976; Derome, 1987) . In the high solids range, local magnetic fields due to varying environment in the material cause T 2 to be short, while lack of motion-induced relaxation causes T 1 to be long (Derome, 1987) .
As water migrates into the protein matrix during aging, the proteins take up more water, thus the hydration sphere of the proteins increases to accommodate the extra water molecules (Paulson et al., 1998) . The changes of both T 1 and T 2 in Mozzarella cheeses during aging might be attributed to increasing the hydration sphere of the proteins and structural changes of proteins in cheese matrix caused by proteolysis (Farkye, 1991) and casein demineralization (Hardy, 2000) .
CONCLUSIONS
The NMR relaxation technique is useful for monitoring water mobility in cheese. The results suggest that there is a redistribution of quantity and mobility between two distinct fractions of water in pasta filata Mozzarella during the first 10 d of storage. An exchange of water molecules from more-mobile to less-mobile fraction was found during aging. An increase in average mobility of water segmented to represent both fractions was also observed. The changes in chemical and physical environments due to structural rearrangements of protein matrix are believed to contribute to the increase in water mobility during aging. The increase in the amount of water molecules in the less mobile fraction indicated an increase in water-holding capacity of pasta filata Mozzarella. The water-holding capacity of nonpasta filata Mozzarella was higher and showed a larger increase during first 10 d storage at 4°C aging than that of the pasta filata Mozzarella. A dynamic relationship exists between the casein matrix and the serum phase in the young pasta filata and non-pasta filata Mozzarella cheeses.
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